The speaker-specificity of five acoustic features of British English /m/ was explored from a forensic speaker comparison perspective. Normalised duration, centre of gravity (COG), standard deviation (SD), and frequencies at peak and minimum amplitudes were measured for 30 adult male Standard Southern British English and Leeds English speakers. Spectral measurements were made in each of five frequency bands (0-0.5 kHz, 0.5-1 kHz, 1-2 kHz, 2-3 kHz, and 3-4 kHz) and calculated from a 40-ms window at the midpoint of each token. ANOVAs showed Speaker to be a highly significant factor for all variables. Discriminant analysis (DA) and likelihood ratio (LR) estimation assessed speaker discrimination with individual predictors and combinations thereof. Sample sizes limited the number of predictors in DA to eight; Fratios were used to select the best predictors for analysis. The COG+SD (bands 1, 3, 4, 5) and Best 8 F-ratios (COG bands 1, 4, 5 + SD 1, 3, 4 + Peak 1, 4) tests achieved 53% and 49% correct classification respectively. The Best 8 F-ratios and COG+SD tests also produced the best LR results, while COG+Peak performed similarly. DA and LR results for all predictor combinations will be presented and the most promising speaker comparison parameters highlighted.
INTRODUCTION
This research examines new acoustic parameters of /m/ in two varieties of British English in the context of forensic speaker comparison (FSC). The study aims to explore population distributions of the acoustic features, gauge cross-dialectal variation, and identify potential new parameters for application in FSC casework.
The work contributes firstly to the general phonetic literature by presenting acoustic data for a number of parameters of /m/ that have not been previously studied in depth. Secondly, the research informs the forensic phonetic literature by considering the intra-and inter-speaker variability and gauging the relative speaker-specificity of each acoustic feature. Discriminant analysis and likelihood ratio estimation assess the discrimination potential of each feature, and results highlight several promising parameters with potential for application in FSC casework.
MATERIALS
Data were analysed for 30 young adult male speakers of Standard Southern British English (SSBE) and Leeds English. Recordings were obtained from three corpora: DyViS, IViE, and Morley. The DyViS database consists of recordings of 100 young male SSBE speakers performing four tasks designed to elicit spontaneous and read speech in simulated forensic conditions (Nolan, McDougall, de Jong, & Hudson, 2009) . 15 of these 100 speakers were selected for analysis with data obtained from Task 3, in which participants read a passage written in the form of a fictional news report detailing an alleged crime.
The IViE corpus was originally compiled for the purpose of studying intonational variation across a number of speaking styles and varieties of English (Grabe, Post, & Nolan, 2001 ). The corpus consists of recordings of young male and female speakers of nine urban dialects from centres across the United Kingdom and Ireland. Participants performed five tasks ranging in style from casual conversations to read sentence lists. Data from the read Cinderella passage for six male Cambridge (SSBE) and six male Leeds speakers were analysed in the present study.
The Morley corpus contains spontaneous and read speech samples produced by young, working aged, and retired male and female speakers from the Morley region of Leeds (Richards, 2008) . Retired and female speakers were excluded from the present study in order to control for age and sex. Read word-and sentence-list data for one working-aged and two young male speakers were analysed in the present study. In the data below, SSBE speakers are labelled 1-21, and Leeds speakers 22-30.
METHODOLOGY Parameters
Tokens of /m/ were segmented manually, controlling for word position and phonological context. Only tokens in word-initial position, preceded by either a pause or a vowel, and followed by a stressed vowel were analysed, e.g. fort [i 'mI] nutes. Five acoustic parameters of /m/ were identified for analysis: normalised duration, centre of gravity (COG), standard deviation (SD), frequency at Peak amplitude, and frequency at Minimum amplitude.
Absolute segment durations were calculated and normalised for local speaking rate using average syllable duration (ASD), following the formula at (1). ASD, measured in ms/syllable, was calculated by dividing the duration of the local intonation phrase containing the token to be normalised (IPDur) by the number of phonological syllables in the phrase (IPSyll). The absolute duration of the token (TokenDur) was then divided by the ASD. The resulting normalised duration expresses the segment duration as a proportion of the individual speaker's local ASD (Kavanagh, 2012) .
(1) Normalised Duration = TokenDur (ms) (IPDur (ms)/IPSyll) Analysis of the four spectral parameters was motivated by Pruthi's (2007) investigation of nasalised vowels. Pruthi noted the likelihood of errors in formant measurements when a pole-only formant tracking model is applied to pole-zero signals, as in nasal consonants or nasalised vowels. The proposed alternative, in the absence of an appropriate pole-zero formant tracker, was to examine the distribution of energy across the spectrum. Pruthi addressed this by measuring the standard deviation of energy around the centre of gravity and counting the number of peaks and troughs in the spectrum from 0-4 kHz. Centre of gravity is one measure of the distribution of energy within a specified frequency range. COG, also known as the mean, gives the frequency at which the distribution of spectral energy is equal on either side. In the case of nasal consonants, this measure may be influenced by the frequency and amplitude of poles and zeros in the acoustic signal, though it does not attempt to measure the poles and zeros directly. A concentration of poles at higher frequencies may result in a higher COG; likewise, a concentration of poles at lower frequencies may result in a lower COG.
Standard deviation is also a measure of the distribution of energy within a frequency range. SD is calculated as the square root of the second spectral moment variance (Statistics Canada, 2011) and represents the dispersion of energy around the COG (Jongman, Wayland, & Wong, 2000 :1253 . Differing surface areas of individuals' nasal and oral cavities may result in inter-speaker variability in SD of /m/ (and other nasal consonants), as an increase in surface area has a damping effect resulting in wider dispersion of the sound energy (Stevens, 1998) .
Peak frequency was measured at the point of highest amplitude in the spectrum. Similarly, Minimum frequency was measured at the point of lowest amplitude. Peak and Minimum may also be related to poles and zeros in the spectrum of nasal consonants, though again these parameters do not measure the poles and zeros directly. While Pruthi's thesis examined the number of these peaks and 'dips' between 0 and 4 kHz, for forensic purposes their location within the spectrum is predicted to show more inter-speaker variability and discrimination potential.
For the present study, the same frequency range used by Pruthi (0-4 kHz) was investigated but the spectrum was divided into five Bands for all four spectral measures: 0-500 Hz, 500-1000 Hz, 1-2 kHz, 2-3 kHz, and 3-4 kHz. As low frequency energy dominates the nasal consonant spectrum, this division allowed analysis of the distribution of acoustic energy above the lowest nasal formant. A Praat script automatically calculated spectral measures in each band from a 40-ms window at the midpoint of each token. Peak in Band 2 and Minimum in Band 1 were excluded from all analysis as a result of problematic data in the output of the Praat script. Results for the remaining 19 acoustic variables are presented below.
Analysis
In order to test the speaker-specificity of the described parameters, univariate ANOVAs were conducted with Speaker as a fixed factor for each dependent variable. Dialect as a factor affecting acoustic measures of /m/ was evaluated using the non-parametric Mann-Whitney test. The discrimination potential of each parameter was then assessed using discriminant analysis (DA) and likelihood ratio (LR) estimation.
DA predicts group membership based on a set of variables (known as predictors). In the context of FSC, DA can test how well a given acoustic or other linguistic parameter can predict speaker identity and therefore how useful it may be in FSC casework. Cross-validated classification was carried out with all individual predictors and a number of combinations (listed in Table 2 ). The number of predictors permitted in DA is limited by the smallest sample size (Tabachnick & Fidell, 2007:381) , which in the present study was eight. In tests where the number of potential predictors exceeded this limit, F-ratios resulting from Speaker ANOVAs were used to eliminate predictors. An additional test was conducted with the eight predictors with the highest F-ratios overall (COG Bands 1, 4, 5 + SD Bands 1, 3, 4 + Peak Bands 1, 4); theoretically, this test may be expected to produce the best results as it combines the predictors with the highest ratios of inter-to intra-speaker variability.
LR analysis in the context of FSC assesses the probability of the evidence given the same-speaker hypothesis versus the probability of the evidence given the different-speaker hypothesis (see e.g. Rose, 2002; Morrison, 2009; Kinoshita, Ishihara, & Rose, 2009 ). An LR of 1 (equivalent to log 10 LR of 0) provides equal support to both hypotheses; LRs greater than 1 (positive log 10 LRs) indicate support for the same-speaker hypothesis, while values less than 1(negative log 10 LRs) lend support to the different-speaker hypothesis. Strength of evidence increases as LRs diverge from 1 (or 0 log 10 LR), in either direction. LRs were calculated for the multiple-predictor tests shown in Table 3 . Testing was conducted intrinsically, with no external reference sample. As no non-contemporaneous data were available in the dataset, separate "suspect" and "criminal" samples were created by dividing individual speakers' samples in two, ensuring same-speaker tests did not involve comparison of identical data samples.
Four measures were used to gauge LR performance: percentage of same-speaker (SS) and different-speaker (DS) comparisons yielding log 10 LRs ≥ ±4, percentage of false positives and negatives, equal error rate (EER), and log likelihood ratio cost (C llr ). The proportion of log 10 LRs ≥ ±4 was selected as an indication of the strength of evidence. A log 10 LR of ±4 is equivalent to a raw LR score of 10 000 (SS) or 0.0001 (DS). This is considered to be 'very strong' evidence in support of the relevant conclusion (Champod & Evett, 2000:240) . False positives occur when a DS comparison produces a positive log 10 LR, incorrectly identifying it as a SS pair. Conversely, false negatives occur when a SS pair is incorrectly identified as a DS pair, with a negative log 10 LR score. EER is measured as the point where false acceptance equals false rejection and gives an indication of the total proportion of errors in the speaker comparison system. C llr is a measure of the validity of the system (Morrison, 2011:92) . Unlike EER, C llr takes into account both the proportion and magnitude of errors. A C llr > 1 indicates particularly poor validity, though results may be improved with calibration of the system. The closer the C llr value to 0 the better, as this indicates an overall lower proportion and magnitude of errors and therefore better validity in the system.
RESULTS

Intra-and Inter-Speaker Variability
Mann-Whitney U test results showed Dialect was not a significant factor affecting acoustic parameters of /m/; the two dialect groups were therefore combined in further analysis. However, ANOVAs found all parameters to be highly significant for the effect of Speaker; results are displayed in Table 1 . F-ratios, indicating the level of interspeaker variability relative to intra-speaker variability, suggest a number of parameters may be relatively speakerspecific. COG in Bands 1, 4, and 5, SD in Band 1, and Peak in Band 4 all produced F-ratios of 10 or higher. The lowest F-ratios were produced by Normalised Duration, COG and SD in Band 2, and Peak and Minimum in Band 3, indicating comparatively lower speaker-specificity in these predictors. Mean and range data for COG for all speakers are displayed in Figure 2a . Marker lines indicate mean values per speaker, while solid lines above and below denote maximum and minimum COG values produced by each individual. COG in Bands 1 and 4 produced the highest overall F-ratios in Speaker ANOVAs (F=19.996, and F=18.027 respectively). Gabriel post-hoc pairwise comparisons showed all speakers differed significantly from at least one other individual in Bands 1, 3, 4, and 5; additionally, in Band 4 at least six significant differences per speaker were observed. Band 2 produced the fewest significant post-hoc comparisons, only between speaker 17 (with the highest mean) and speakers 14, 19, 28, 29, and 30 (with the five lowest means). A number of individuals stood out with values at or near the extremes in terms of mean COG, range, or both across several Bands. Speaker 6, for example, produced amongst the highest mean COG values in Bands 2 and 3 and the lowest in Band 4, in addition to some of the highest and lowest ranges in Bands 1 and 4 respectively. Speaker 14's mean was near the extremes in all five Bands (low in 1, 2, and 4; high in 3 and 5). Additionally, speaker 17 produced means near the low extreme in Bands 3 and 5, and at the high extreme in Band 2. Mean SD values of /m/ for all speakers in all Bands are displayed in Figure 2b . SD was clearly lowest in Band 1 (dark blue) for all but speaker 6. For 18 of the 30 speakers, Band 2 (red) SD values were second lowest overall. Interestingly, though, for two others SD was lower in Band 3 (green), and for the remaining 10 speakers SD was lower in Band 4 (purple) than in Band 2. Speaker means in Bands 3 and 5 (light blue) were fairly similar in general, with a similar level of inter-speaker variability. Several speakers appeared to display notable cross-Band patterns in mean and range of SD as they did for COG (range not shown; additional detail can be found in Kavanagh, 2012) . Speaker 8 for instance produced mean SD values amongst the lowest in Bands 1, 3, 4, and 5. Speaker 10 also produced amongst the highest and lowest means in Bands 2 and 4 respectively, as well as some of the lowest ranges in Bands 1 and 4, and one of the highest in Band 5. Further, speaker 29 was near the extreme in terms of either mean or range of SD in each of the five Bands: he produced the lowest mean in Band 2 and the second highest in Band 5, in addition to some of the highest ranges in Bands 1 and 3, and the lowest in Band 4. Figure 3a below displays Peak frequency means and ranges for all speakers, in all Bands except 2. As noted above, ANOVAs for Speaker produced a relatively high F-ratio for Peak in Band 4 (F=10.876) and a moderately high ratio for Peak in Band 1 (F=8.837). In Bands 1 and 4, all speakers differed significantly from at least one other in Gabriel post-hoc comparisons. In Bands 3 and 5, however, 19 and 12 individuals respectively did not differ significantly from any others, though the remaining speakers had at least one significant comparison. The most notable individual cross-Band patterns for Peak were those exhibited by speakers 14 and 17. Speaker 14 produced mean Peak frequencies amongst the lowest in Bands 1 and 4, and amongst the highest in Bands 3 and 5. Speaker 17 was near the low extremes of both mean and range in Bands 3 and 5, in addition to producing amongst the highest means in Band 1 and the highest ranges in Band 4. Minimum frequency means and ranges are displayed in Figure 3b . Fewer significant post-hoc comparisons were found for Minimum than for any other spectral parameter. In each Band, between 10 and 14 speakers did not differ significantly from any others. The remaining 16-20 speakers each had at least one significant comparison. Speaker 17 again had one of the most notable cross-Band patterns. He produced mean Minimum frequencies near the low extremes in Bands 2 and 4, and near the high extremes in Bands 3 and 5; he also produced amongst the lowest ranges in Bands 3 and 5, and amongst the highest in Band 4. Speaker 30 was also interesting in that he produced some of the highest means in Bands 2 and 3 and one of the lowest in Band 4, in addition to one of the lowest ranges in Band 2 and one of the highest in Band 4.
Discriminant Analysis
Direct discriminant analyses were conducted for each of the predictors and combinations given in Table 2 ; results of cross-validated classification for each test are also displayed (chance = 3.3%). Of all the single-predictor tests, COG in Band 1 (with the highest overall F-ratio) produced the highest classification rate, as 14% of cases were assigned to the correct speaker group. While this is not a particularly high rate, single predictors are not expected to discriminate individuals exceptionally well.
In tests of all predictors within a single Band, Band 1 (excluding Minimum) produced the highest classification rates both with and without Normalised Duration (24% and 25% respectively), despite having one fewer predictor than tests of Bands 3, 4, and 5. Classification rates in single-parameter tests (e.g. COG 1-5) were generally better than in single-Band tests. COG performed best, achieving 34% correct classification, improving to 36% with the addition of Normalised Duration. Generally, the addition of duration improved classification slightly, except in the SD test where classification lowered from 30% to 28% when duration was included.
In the eight-predictor "Best F-ratio" test, correct classification was fairly high at 49%. This combination of COG+SD+Peak appears promising for speaker discrimination. However, the highest overall rate of classification was actually achieved in the eight-predictor test of COG+SD Bands 1, 3, 4, and 5. In this test, 53% of /m/ tokens were assigned to the correct speaker group. Although perfect discrimination of individuals was not achieved, in comparison with previous studies using DA to test speaker discrimination of acoustic features, such as McDougall (2004 McDougall ( , 2005 and Eriksson and Sullivan (2008) , which had fewer speakers, more tokens per speaker, and more predictors, classification rates obtained in the present study are still relatively promising. This study included a high number of speakers (30) and tokens numbers limited predictors to eight. By comparison, McDougall (2004) tested five speakers with up to 20 predictors, achieving up to 95% correct classification. As the number of speakers increases, discrimination is expected to decrease, while as the number of predictors increases, discrimination is also expected to increase, at least to a point (2004:119) . 
Likelihood Ratios
Results for all LR test combinations are summarised in Table 3 . The proportion of log 10 LRs ≥ ±4 was generally highest in tests of two or more spectral parameters (e.g. COG+SD). Tests of all 19 predictors and all spectral predictors (excluding normalised duration) produced the strongest DS evidence, though COG+SD and the Best 8 Fratios tests were similarly strong. Evidence from SS comparisons is not expected to be as strong as that of DS comparisons, however, as there is a limit to how similar two samples can be.
False negative rates were lowest in multiple-parameter tests, particularly those of COG+Peak (3%), COG+Min (7%), Peak+Min (3%), and Best 8 F-ratios (7%). Rates were notably poor in the single-predictor normalised duration test, the All-predictor, and All excluding Duration tests (83%, 60%, and 53%). False positive rates, on the other hand, were lowest in the All-predictor and All excluding Duration tests (4% each).
The highest EER of 51% occurred in the single-predictor test of normalised duration. Tests of Band 2, Minimum, and All-predictors also produced fairly high EERs of 30-40%. Otherwise, rates were comparatively good: six tests produced EERs of 13%, most notably all one-and two-parameter tests involving COG. The lowest overall was 7% in the Best 8 F-ratios test. This can be identified in the Tippett plot below (Figure 4) at the point where the solid red and blue lines cross.
The lowest C llr overall of 0.32 was obtained in the Best 8 F-ratios test, in line with the strong results observed for this predictor combination thus far. Relatively good results were also achieved in COG+SD and COG+Peak tests, with C llr values of 0.48 and 0.38 respectively. The majority of remaining tests produced fair results with values less than 1, though better results were generally obtained in one-and two-parameter tests than in single-Band tests. The highest C llr values of 12.19, 7.25, and 1.25 were obtained in the All-predictor, All excluding Duration, and normalised duration tests respectively. On the surface these appear to indicate extremely poor results; however, the vast majority of errors in these three tests occurred in SS comparisons, often with extremely high magnitudes, resulting in poor C llr results and obscuring good performance in the DS comparisons. the point at which the blue and red lines intersect in Figure 4 , was lower in the Best 8 test (7%) than in the COG+SD test (13%), indicating fewer errors were made when the eight predictors with the highest F-ratios were analysed. Cllr was also lower in the Best 8 F-ratios test at 0.32, compared to 0.48 in the COG+SD test, reflecting both the lower proportion and lower magnitude of errors.
CONCLUSION
While the findings presented above are not intended to be definitive, they do highlight a number of promising parameters for FSC. In particular COG and SD of /m/ in general appeared to have a relatively high degree of speaker-specificity with good potential for discriminating individuals. The most notable combinations of predictors in both DA and LR analysis were COG+SD and the Best 8 F-ratios. These comparatively speaker-specific parameters may be particularly applicable in FSC casework. However, parameters with lower speaker-specificity should not necessarily be eliminated from consideration. The intra-and inter-speaker variability findings inform population distributions and provide material for reference, regardless of performance in discrimination tasks. When an individual falls outside of these observed population distributions, it may serve to strengthen evidence either for or against the same-speaker hypothesis. DA and LR results also highlight the need for multiple predictors when attempting to discriminate individuals. Better DA classification and more accurate LR results were obtained when several predictors were combined. Although neither achieved perfect discrimination of individual speakers, the DA and LR results are indicative of the level of speaker-specificity of each parameter examined, and the potential contribution to FSC evidence overall.
